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[1] GPS signals reflected off the surface of the Earth can
be detected by receivers aboard occulting Low Earth
Orbiters (LEOs). In this work, carrier phase interferometry
between the reflected and direct occultation signals is
performed to infer its relative delay at centimetric error. Our
analysis shows that submeter sensitivity on the surface
heights can formally be reached with this technique.
The potential applications to polar ice altimetry are
discussed. INDEX TERMS: 0933 Exploration Geophysics:
Remote sensing; 0994 Exploration Geophysics: Instruments and
techniques; 1244 Geodesy and Gravity: Standards and absolute
measurements; 1863 Hydrology: Snow and ice (1827); 6924 Radio
Science: Interferometry. Citation: Cardellach, E., C. O. Ao,
M. de la Torre Judrez, and G. A. Hajj (2004), Carrier phase
delay altimetry with GPS-reflection/occultation interferometry
from low Earth orbiters, Geophys. Res. Lett., 31, 110402,
doi:10.1029/2004GL019775.

1. Introduction

[2] During the last decade, several studies have assessed
the geophysical content of Global Positioning System
(GPS) signals reflected from the surface of the Earth,
especially over the ocean. A passive bistatic radar concept,
proposed by Martin-Neira [1993], would take advantage of
the large number of transmitters currently emitting L band
coded signals (~30 satellites for the GPS constellation, ~10
for the Russian GLONASS), and the enlargement of the
global navigation satellite systems with GALILEO, a
European constellation planned for the near-future, to
perform multistatic simultaneous observations from ground-
air- or space-based platforms, with great spatial and tempo-
ral coverage. So far, most experimental work has been
focused on applications from ground [Martin-Neira et al.,
2001], aircraft [Garrison et al., 1998] or stratospheric
balloons [Cardellach et al., 2003], for altimetry and surface
roughness measurements [Zavorotny and Voronovich, 2000;
Rius et al., 2002]. Whereas centimeter precision has been
reported for ground-based carrier phase altimetric observa-
tions [Treuhaft et al., 2001], and 5-cm for airborne plat-
forms group delay measurements [Lowe et al., 2002b], the
altimetric performance from space is still to be clarified.
Lowe et al. [2002a] described the first GPS reflection
gathered from space, while Beyerle et al. [2002] identified
reflected GPS signal leaking into occultation data collected
by a Low Earth Orbiter (LEO). Using radio-holographic
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technique, Beyerle et al. [2002] inferred a precision of
~100 m in the determination of reflection surface heights.
This paper is the first to present GPS reflected-to-direct
carrier phase interferometry from space-borne receivers.
Data from standard GPS LEO occultations with ice-reflection
leakage (GPS-R/Occ) are analyzed. The relative delay
between the direct and reflected signals are inverted to yield
the heights of the reflection points, by taking advantage of the
good knowledge of the atmospheric correction, which is the
main retrieval product of the GPS LEO occultation instru-
ment. The results suggest that the interferometry technique
offers submeter sensitivity to ice topography (see the
auxiliary material") with a few km horizontal resolution.

2. Carrier Phase Interferometry

[3] During the last seconds of an occultation, reflected
signals may reach the LEO horizon-looking antenna with
Doppler frequencies within the receiver bandwidth [Beyerle
et al., 2002]. The output of the GPS occultation receiver is
the peak of the complex cross-correlation function between
the incoming signal and a replica or model of it, and it
reproduces the features of the electromagnetic field reaching
the antenna. When both the direct and the reflected fields
reach the antenna, either the total field or the correlation
function, with amplitude 4 and phase ¢, can be modeled as

Ae'® = A e + 4, = &% |4, + A,e"(of*‘b”)} (1)

where A, and 4, are the amplitudes of the direct and the
reflected components, ¢, and ¢, are their respective phases,
with ¢, = &g + kpg and ¢, = dg + kp,, k being the GPS carrier
wavenumber, p for distance or delay in length units, and ¢
being the initial phase bias. The interferometric phase, ¢; =
(b, — bg) = k(p, — pg) = kAp is not a constant during an
occultation, thus inducing a fringe pattern in the amplitude
and phase of the total field.

[4] The smoothed value of the total field is dominated by
the direct contribution, 4,e® ~ Ae*t = [R,I], where R
stands for its real and Z for its imaginary part. The fringe
oscillations around 4 correspond to some projection of the
reflected signal. Then, equation (1) becomes

A4e® = &[4 + 4,6%] = [R,T] )

Combining equations (1) and (2) one obtains

an(oy) - FL-TR

RR-R)+1(I 1) ®)

"Auxiliary material is available at ftp:/ftp.agu.org/apend/gl/
2004GL019775.
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Figure 1. (top) Amplitude of the field as provided by the
GPS occultations’ receiver. On top of other power
modulations (mainly tropospheric effects), the interfero-
metric fringe is detected, with beats oscillating consistently
with the frequency analysis: from ~10 Hz at ¢ = 55 to very
low frequency around the collapse time, 7. ~ 66. (middle)
Oscillations of both received amplitude and phase around
the smoothed values, 4 — A4 (in black crosses) and ¢ — o (in
grey triangles). Units are arbitrary for amplitude (and
rescaled respect to the plot above) and mm for phase, a
zoom-plot is included for a high frequency interval. The
oscillations present the skewed quadrature between ampli-
tude and phase, an indicator of interferometry that contains
information about the sense of the interferometric spin. The
difficulty of detrending the last portion of cycle of the
reflection makes the retrieval unreliable for ¢ > 64s.
(bottom) Interferometric phase as obtained by application
of equation (3) on the data above. All corresponding to
CHAMP-GPS51 2001-05-14-01:15 event.

[5] In order to remove non-interferometric modulations,
the smoothing is carried out on windows of twice the
interferometric period, T, = 2T,=2/|f}|, where |f}| is estimated
from the Fourier analysis of the data: |f;] = |, — fi|. The
amplitude as received by the occultation CHAMP-GPS51
2001-05-14-01:15 is displayed in Figure 1 (top). For each
cycle added or subtracted in the interferometric phase, the
reflected-to-direct delay changes by 1 L1 GPS carrier
wavelength, X ~ 0.19 m. Because both branches of the
signal eventually collapse into a single one, the interfero-
metric carrier phase measurement is not cycle-ambiguous
after anchoring to zero at the collapsing time, ¢.. The
sequence of oscillations in phase residuals are in skewed
quadrature with respect to the amplitude oscillations (not at
90°, but toward amplitude’s minimums, as expected for
interferometric behavior), see Figure 1 (middle). This fact
supports that these oscillations are interferometric fringes
rather than noise or mismodeled modulations. The interfer-
ometric phase computed through equation (3) is displayed
in Figure 1 (bottom).

[6] Finally, the reflected-to-direct relative delay is
obtained from the interferometric phase by aligning the
cycles and translating to length units. Data corresponding
to ¢ > 64s have been rejected, because of the difficulties in
appropriately detrending the last interferometric cycle.
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Instead, the delay is extrapolated toward f., and anchored
to 0. Uncertainty of 1 second in f. determination yields to
~1 mm error in the relative delay, which may be consid-
ered the formal accuracy of this delay measurement.
Figure 2 shows that the procedure results in a few cm
formal error, dominated by the sampling resolution of the
cycle. The resolution improves along the occultation
because the interferometric frequency slows down, en-
abling better sampling of the cycles. The noise in the
receiver tracking loops introduces few mm uncertainty.
The carrier phase ambiguity is fixed through the collapsing
time, 7., when Ap = 0, and the cycles are added from that
point in reverse order of time.

3. Geophysical Information Content

[7] The reflected-to-direct relative delay may have sev-
eral contributions. Most of the standard sources of delay in
the GPS signal, however, are here canceled because of the
differential nature of the observation. Our work assumes
that the reflected-to-direct delay, Ap can be modeled as

Ap = pr - pd = (p;eo + pfrop + p:gh + p;ono + p?nstr + nr)
- <pg€0 + pz‘op + p;i)nu + p?}’]str + nd> = Apgeo <R7 T7 S)

+ Ay (I_é T,S. N) + pfgh +n (4)

The superscripts 7 and d stand for reflected and direct
signals; pg., stands for the geometrical delay; py,, is the
extra delay induced by the troposphere in each ray; p;o,, 1S
the delay introduced by the electronic content of the higher
atmosphere; p;,s, are instrumental errors; N is the
refractivity profile; and » unmodeled noise. The multipath
due to the topography feature of horizontal scales smaller
than the Fresnel zone, ~19 km x 1 km, or roughness
could also bias the result, p,,;. In this preliminary study,
we neglect this effect, but keeping in mind that it can be a
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Figure 2. Reflected-to-direct relative delay inferred from
the interferometric phase in Figure 1 (bottom). The formal
error of this measurement, computed as Nn (\ for the GPS
carrier wavelength and » for the number of samples within 1
interferometric cycle), is displayed on top of the figure. A
zoom of the interval used to extrapolate toward the end of
the occultation is also included (fit and extrapolation in grey
line).
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Figure 3. Profile of the elevation of the terrain along the
stripe at 20-ms samples (dots) and a 0.2-sec window
averages with their RMS dispersion (solid line connecting
RMS-bars). The average RMS value is 0.70 m. The
horizontal along-track resolution of 0.2-sec average is of
the order of 1 km, which is the spacing of the horizontal
grid (X-axis centered at 45°E, Y-axis at 89.73°N.)

source of inaccuracies. We also assume the canceling of
instrumental and ionosphere perturbations. Under such
assumptions, the relative delay is therefore only a function
of the locations of the receiver, the transmitter and the
specular reflection point R,7 and S respectively, along
with the refractivity profile of the atmosphere N. The
receiver and transmitter locations are known with accuracy
better than a few cm, while the refractivity profile is the
main retrieval product of the GPS occultation mission.
Thus the sole unknown of the system is the location of the
specular reflection.

[8] For a given refractivity profile, receiver and transmit-
ter locations and an a priori reference surface, S, the
trajectory of both reflected and direct signals may be
estimated by a forward ray tracing tool (RTT), providing
the location of the specular point and the model for the
relative delay: Aprrr = Ap(S, R, T, N). If the model does
not match the data, we can adjust the vertical component of
the surface as S + 6S so that Apgu, = Aprr(0S; S, R, T, N).
In this fashion, it is possible to infer the elevation of the
reflecting surface with respect to the reference.

3.1. Topographic Profile

[o] In order to generate topographic profiles from the
relative delay, the misfit at each 20-ms data sample for
different surface height corrections, &S, are computed:

(Apdata(ti) - ApRTT(tiv 6S;S7E7 iN))z

Mz(tivés) = 0_2 (t)
data\"!

where 0,4,,(¢) is the formal error of the delay at the
sample #. For the inversion of CHAMP-GPS51 2001-05-
14-01:15 the range &S = —8.9 to 0.9 m has been evaluated
in steps of 10 cm. The time series altimetric solutions,
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0S*(t;), are picked as the surface’s elevation that gives
a minimum misfit at each #. As shown in Figure 3, the
20-ms sampling inversion has uncertainties of the order of
~2 m (range of 6§ with differences with the data within
the data confidence). When smoothing the solution in
0.2-sec windows, the resultant profile has an averaged RMS
dispersion of 0.70 m and horizontal spacing of ~1 km,
which establishes the formal vertical and horizontal
resolutions of the approach.

3.2. Validation

[10] The lack of in-situ data at high polar latitudes
hinders the validation of the results. We found a
GPS-R/Occ event (CHAMP-GPS39 2003-05-31-19:19)
which occurred within two weeks and ~30 km of an
Airborne Tropospheric Mapping Lab (ATM) track, cross-
comparable with a Digital Elevation Model (DEM)
[Bamber et al., 2001]. The ATM precision is of the order
of 10 cm, but because of the coarse vertical resolution of
the DEM (~10 m RMS accuracy) the GPS interferometric
product has been inverted into topographic profiles at 6 m
vertical resolution mode. Figure 4 contains the elevation
map of the region together with both the airborne laser and
GPS-R/Occ altimetric estimates and the interpolation of the
DEM under those tracks (top). The gradient of the terrain
obtained by GPS-R/Occ agrees with the gradient predicted
by DEM with RMS dispersion of 6.6 m, i.e., within the
DEM resolution. The GPS-R/Occ to DEM offset is 294 m,
same order of magnitude as the ATM to DEM bias for this
portion of flight (232 m). The ATM to DEM offset is not
a constant value, but changes at different areas/tracks, and
the variations are as large as the difference between
the ATM and the GPS-R/Occ biases (~60 m). This
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Figure 4. Background: DEM of the region. Tracks: GPS-
R/Occ and airborne laser altimeter estimates of the
topography, ~30 km and 2-weeks separated measurements.
Both have a positive bias with respect to DEM of the same
order of magnitude. On top-left: GPS-R/Occ profile and the
interpolated DEM profile (with bias removed). The GPS
and DEM terrain gradients match with 6.6 m RMS
dispersion, which is within the DEM resolution. Top-right:
ATM and interpolated DEM profiles (with bias removed).
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cross-comparison represents a preliminary proof of concept
of GPS-R/Occ as a topographic tool, although dedicated
calibration campaigns should be conducted to verify the
submeter formal precision that we have achieved with this
technique.

4. Discussion and Conclusions

[11] This paper presents the first study on space-based
carrier phase interferometric delay between direct and
reflected GPS signals. This product, with a few centimeter
formal resolution and better formal accuracy, is a differen-
tial delay enabling the cancellation of several error terms.
This sole achievement opens a new complementary way to
process GPS LEO occultation data, with potential geophys-
ical applications in tropospheric refractivity and surface’s
altimetry. The sensitivity of this observable to variations of
the reflecting surface’s elevation has been evaluated.

[12] Two topographic ice-profiles have been generated,
which are located at the North Pole (89.73°) and Greenland.
The former event has been inverted using a high-resolution
approach (10 cm steps), resulting in 0.70 m vertical preci-
sion at ~1 km horizontal sampling. The second event, on
Greenland, has been inverted in a low-resolution mode and
cross-compared with ATM and DEM yielding agreement
within the data sources resolution. The validation example
presents a preliminary proof of concept for utilizing this
kind of measurements as a remote sensing tool for ice
topography.

[13] Further validation work is required to assess the roles
of noise sources and mismodeled parameters. Future work is
also intended to determine the spatial-temporal coverage of
the ice reflection events and to evaluate the performance
of the technique on ocean reflections. Potential application
of the interferometric technique for refining the refractivity
profiles of the lower troposphere will also be considered.
The analysis of archives of past occultation data could be of
great interest for the scientific community, filling a temporal
and spatial gap on polar regions back to 1995 (GPS-MET,
CHAMP, SAC-C). The improvement of receiver tracking to
enhance the measurements of the reflection events could
also be tackled, especially in views of its impact on
upcoming missions, such as COSMIC [Lee et al., 2001]
or ACE+ [Battrick, 2004] constellations, which will provide
an unprecedented rich source of GPR-R/Occ events.
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